Small RNAs and a diverse array of protein partners control gene expression in eukaryotes through a variety of mechanisms. By combining siRNA affinity chromatography and mass spectrometry, we have identified the double-stranded RNA-binding domain protein Blanks to be an siRNA-and dsRNA-binding protein from Drosophila S2 cells. We find that Blanks is a nuclear factor that contributes to the efficiency of RNAi. Biochemical fractionation of a Blanks-containing complex shows that the Blanks complex is unlike previously described RNA-induced silencing complexes and associates with the DEAD-box helicase RM62, a protein previously implicated in RNA silencing. In flies, Blanks is highly expressed in testes tissues and is necessary for postmeiotic spermiogenesis, but loss of Blanks is not accompanied by detectable transposon derepression. Instead, genes related to innate immunity pathways are up-regulated in blanks mutant testes. These results reveal Blanks to be a unique component of a nuclear siRNA/dsRNA-binding complex that contributes to essential RNA silencing-related pathways in the male germ line.
R
NAs are well suited as specificity factors for gene regulatory pathways because of their ability to recognize target nucleic acids by base pairing. Organisms ranging from bacteria to humans have systems to generate small RNAs and use the sequence information therein to program a variety of biological outputs (1) (2) (3) . In eukaryotes, an explosion in the discovery of small (∼20-30 nucleotides) RNA pathways (4) has illuminated the many ways in which different organisms orchestrate small RNA biogenesis, specify their targets, and evolve small RNA cofactors such as Argonaute proteins.
Deep sequencing experiments in fungi, nematodes, plants, insects, and mammals have revealed the presence of genomeencoded siRNAs (1, (4) (5) (6) . In most cases, part of this endogenous siRNA (endo-siRNA) population targets transposon RNAs for silencing. Endo-siRNAs are also born from convergent mRNA transcripts and hairpin RNA structures. Among the endo-siRNAs derived from protein-coding genes, few studies have noted an enrichment in any given gene ontology (GO) group. However, Caenorhabditis elegans endo-siRNA profiles showed enrichment for genes involved in spermatogenesis (7) .
Small RNA silencing pathways are broadly required for fertility in metazoans. Drosophila spermatogenesis requires expression of the proteins Piwi, Aub, and Ago3, which are members of the Piwi subclass of Argonaute proteins (8, 9) . Aub and Ago3 cooperate to generate Piwi-associated RNAs (piRNAs) and in the male germ line function mainly to silence transposons in stem, gonialblast, and spermatogonia cells (9) (10) (11) (12) . In contrast, Piwi expression in the testes is limited to somatic cells proximal to germ line stem cells (12) (13) (14) . Endo-siRNAs and microRNAs (miRNAs) have also been detected in the testes, and these small RNA classes generally partition into the Ago-subclass Argonaute proteins Ago2 and Ago1, respectively (15) .
In Drosophila sperm development, germ line stem cells divide asymmetrically to give rise to a gonialblast and a renewed germ line stem cell (16) . The gonialblast undergoes four rounds of mitosis to produce a cyst of 16 primary spermatocytes connected by cytoplasmic bridges. After 3 d of growth, the spermatocytes undergo meiosis to yield a syncytial bundle of 64 round spermatids that elongate, differentiate, and individualize into mature sperm. Because expression of Piwi proteins is restricted to the stem-cell niche, gonialblasts, and spermatogonia (12) , other small RNA pathways likely support later stages of spermatogenesis. However, the siRNA cofactors Dicer2, Ago2, and R2D2 appear to be unnecessary for male fertility. Therefore, although small RNA-mediated silencing is critical for early stages of spermatogenesis, it is unclear if such a requirement persists or changes during the later stages of sperm development.
Among the central players in Drosophila RNA silencing pathways are RNase III enzymes (17) (18) (19) (20) , double-stranded RNAbinding domain (dsRBD) proteins (21) (22) (23) (24) , and Argonaute superfamily proteins (8-10, 25, 26) . In addition to these and other known silencing factors, it is possible that undiscovered proteins contribute to silencing in specific subcellular locations and tissues. Here we report a screen for siRNA duplex-binding proteins in which we identified the nuclear dsRBD protein CG10630, which we have renamed Blanks for reasons described below. We show that Blanks contributes to RNAi activity in S2 cells, in accordance with findings from a recent screen for RNAi pathway components (27) . Interestingly, Blanks is part of a dsRNAbinding complex that is distinct from previously described RNAinduced silencing complexes (RISCs). The nuclear localization and composition of the Blanks-containing complex suggests that this protein performs a unique silencing-related function. In flies, Blanks expression is restricted to postmitotic spermatocytes and persists through meiosis until the onset of nuclear shaping. Loss of Blanks causes complete male sterility marked by a sperm individualization defect and the up-regulation of genes related to innate immunity pathways. These results suggest that a unique branch of the small RNA regulatory network is critical for late stages of sperm development.
Results
Identification of the Double-Stranded-RNA-Binding Protein Blanks. To identify RNA silencing factors we performed siRNA affinity chromatography from Drosophila S2 cell extracts (28) using a biotinylated siRNA complimentary to Pp-luciferase (luc) (18, 29) (Fig. 1A) . Analysis of the siRNA-affinity-purified samples re-vealed proteins that specifically bound to the siRNA affinity column (Fig. 1B, Upper) . Immunoblotting confirmed that the siRNA affinity column successfully enriched for the known siRNA-binding factor Dicer2 (Fig. 1B, Lower) .
To identify additional factors that were specifically bound to the siRNA affinity purification, we trypsinized the affinity purifications and performed tandem liquid chromatography (LC) and MS (LC-LC-MS/MS). As expected, our analysis detected multiple unique Dicer2 peptides from the siRNA affinity preparations but not from negative controls. Additionally, our MS analysis of the siRNA affinity purifications identified multiple unique peptides encoded by the candidate gene CG10630, which we chose to rename blanks to reflect its essential role in sperm development (see below). Much like the RNAi factor genes loqs and r2d2, blanks encodes a protein with multiple predicted dsRBDs (Fig. 1C) . The Drosophila genome also includes a closely linked paralogue of blanks (CG12493), with which it shares 55% amino acid identity and 67% similarity. We generated polyclonal antibodies specific to each paralogue using unique fragments of recombinant protein ( Fig. S1 A and B) . Immunoblot analysis with our anti-Blanks antibody confirmed that Blanks is specifically enriched on siRNA duplex affinity columns but not on a similar column complexed with single-stranded siRNA or on streptavidin alone (Fig. S1C) . Endogenous CG12493 expression could not be detected in S2 cells (Fig. S1B) .
To test if Blanks plays a functional role in RNAi, we performed a standard dual-luciferase assay for RNAi factors in S2 cells (Fig. 1D) . As a positive control, we treated S2 cells with dsRNAs targeting Dicer2 and R2D2. Simultaneous knockdown of Dicer2 and R2D2 resulted in a derepression of the Pp-luc reporter at three different concentrations of Pp-luc dsRNA trigger, which confirmed that this assay effectively detects RNAi factors in S2 cells in our hands. Knockdown of Blanks likewise resulted in a derepression of luciferase activity at three different concentrations of Pp-luc dsRNA trigger (Fig. 1D ) but failed to enhance luciferase expression in the absence of Pp-luc dsRNA (Fig. S1D) . Consistent with these data, a recent screen for RNAi factors showed that Blanks is important for RNAi in two different siRNA reporter assays (27) . Collectively, these results suggest that Blanks functions directly or indirectly in S2 cells as an RNAi factor.
Much like the dsRBD proteins Loqs and R2D2, Blanks can associate with siRNAs and is necessary for efficient RNAi. Unlike Loqs and R2D2, however, Blanks and CG12493 contain predicted bipartite nuclear localization signals (Fig. 1B) . To assess the localization of these proteins, we generated N-terminal EGFP fusions of Blanks, CG12493, Loqs, and R2D2 and transiently expressed them in S2 cells. Whereas Loqs and R2D2 localized to cytoplasmic foci, Blanks and CG12493 both localized to the nucleus (Fig. S2 A-D) . Immunofluorescent staining of fixed S2 cells (Fig. S2 E and F) and adult fly tissues (see below) also revealed strong nuclear partitioning of endogenous Blanks. Intriguingly, these results suggest that Blanks contributes to RNAi from within the nucleus.
Blanks Is Part of a Short Interfering Ribonucleoprotein (siRNP) Complex That Is Distinct from Canonical RISC. To begin characterizing Blanks-containing complexes, we fractionated S2 cell extracts by gel filtration and anion exchange chromatography ( Fig. 2 A and B). Immunoblotting revealed a Blanks-containing peak ( Fig. 2 A and B) that indicates that Blanks resides in a complex of ∼400-500 kDa. We performed native polyacrylamide gel-shift assays with two radiolabeled siRNAs (19-nt duplexes with 2-nt 3′ overhangs) of unrelated sequence, and either whole S2 cell lysates or ion exchange Blanks fractions. Crude S2 cell lysates formed the previously described siRNP complexes R2D2-Dicer2 initiator (RDI) and RISC loading complex (RLC) (Fig. 2C) (30) . The Blanks ion exchange peak (which lacked RDI/RLC assembly activity) formed a distinct, faster-migrating siRNP with both siRNAs (Fig. 2C) . Importantly, this fast-migrating siRNP is specific for siRNAs because it was not detected in the presence of radiolabeled let-7 miRNA (Fig. S3A) . Interestingly, the Blanks ion exchange peak formed complexes with blunt-ended 21-nt and (to a lesser extent) 30-nt Pp-luc RNA duplexes (Fig. S3 B and C), suggesting that the Blanks complex dsRNA-binding activity is not restricted to canonical siRNAs.
To test whether Blanks is a component of the fast-migrating siRNP complex, we treated the siRNP with antibodies against Blanks. Incubation of the Blanks peak fraction assembly reactions with anti-Blanks antibodies, but not preimmune serum, supershifted the siRNP (Fig. 2D) . Collectively, these results strongly suggest that Blanks is associated with an siRNP complex that is unlike the previously described RDI or RLC complexes.
To identify additional components of the Blanks complex we performed siRNA affinity chromatography of the ion exchange Blanks peak fractions. Several proteins were enriched in the siRNA duplex affinity sample compared to the single-stranded control, including Blanks (Fig. 2E) . Likewise, LC-MS/MS tandem mass spectrometry of the siRNA and guide strand affinity purifications showed that Blanks peptides were specifically enriched in the duplex siRNA affinity sample (Table S1 ). Additionally, the duplex-specific purification contained peptides from RM62 (a putative RNA helicase and silencing factor associated with chromatin insulators) (31, 32) , CG6133 (an apparent orthologue of the mammalian NSUN2 RNA cytosine methyltransferase), and Xrn2 (a 5′-3′ exoribonuclease), strongly suggesting that they are components of the Blanks complex ( Fig. 2E and Table S1 ). Additional proteins representing common background contaminants and lower-confidence identifications were also present in our sample (Table S1 ). These results confirm that the Blanks complex is distinct from previously described RISCs but is associated with a factor (RM62) that is both nuclear and implicated in RNA silencing.
Blanks Expression is Enriched in the Adult Male Germ Line. Previous microarray studies indicate that CG10630/blanks mRNA is primarily expressed in adult male testes and in S2 cells (33) . We used RT-PCR to confirm that testes are the only significant source of blanks mRNA in adult flies (Fig. 3A) , because blanks mRNA is undetectable in RNA samples collected from adult male carcasses after dissection of the testes. Expression is also weak but detectable in embryo through pupal stages of mixed gender, and in growing S2 cells. Western blotting detects a band of the predicted molecular weight (35.6 kDa) only in adult testes tissue and S2 lysates (Fig. 3B) .
Interestingly, in adult male flies, Blanks protein expression is limited to germ line cells when visualized by immunofluorescence microscopy, as shown by costaining with the cytoplasmic germ line marker Vasa (Fig. 3C) . As in S2 cells, Blanks is restricted to the nucleus in testes (Fig. 3 C and D) ; however, the protein is further confined to nuclear subdomains that exclude the bulk of the condensing chromosomal bivalents of the premeiotic primary spermatocytes (Fig. 3E) . Blanks is also excluded from the spheroid, phase-dense nucleolus. Notably, Blanks protein is not detected in germ line stem cells or mitotically dividing gonialblasts and spermatogonia. Rather, expression begins at the primary spermatocyte stage after the mitotic divisions and persists through both rounds of meiosis into the "onion" stage at the onset of spermatid differentiation (Fig. S4A) .
After meiosis, differentiating spermatid bundle nuclei condense and elongate (16) . As with many other proteins, Blanks levels decline sharply during this process. This decline is likely because of protein degradation after nuclear export because compact foci of cytoplasmic Blanks can occasionally be seen at the base of the needle-shaped nuclei in elongating spermatids undergoing cytoplasmic extrusion during individualization (Fig. S4B) . No Blanks protein is detectable in mature sperm. An essentially identical expression and localization pattern is seen for the Blanks paralogue, CG12493 (Fig. S4 C-E) .
Blanks is Required for Spermiogenesis. The testes-specific expression profile of Blanks suggests that it could play a role in male fertility. To investigate this possibility we obtained a mutant allele, blanks KG00804 (34) . This allele has a SUPor-P element inserted 29 nt downstream of the predicted blanks transcriptional start site (Fig. S5A) . RT-PCR and quantitative Western blotting revealed a ∼10-fold and >400-fold reduction in blanks mRNA and protein levels, respectively, in the homozygous mutants (Fig. 4A and  Fig. S5B ). We found that males homozygous for the P element insertion are sterile, whereas females are fertile. Precise excision of the P element resulted in fertile males, confirming that the blanks lesion caused the recessive male sterility.
We also assessed the levels of the apparent paralogue, CG12493, in the blanks mutant testes. Intriguingly, although CG12493 mRNA abundance was unchanged in the blanks mutant (Fig. S5C) , steady-state protein levels were diminished ∼10-fold (Fig. 4A) , suggesting that Blanks is at least partially required for CG12493 translation or stability. In contrast, an EP elementinduced allele (CG12493 G4506 ) with an insertion at the −1 position relative to the CG12493 transcription start site causes dramatic reduction of CG12493 mRNA and protein levels in testes ( Fig. S5 E and F) , whereas blanks mRNA and protein are unaffected. CG12493 G4506 homozygous mutants are viable, and males exhibit wild-type fertility levels until late in adulthood (∼30 d). Aged CG12493 G4506 homozygous males possess a smaller than normal seminal vesicle and reduced mature sperm numbers (Fig. S5G) .
DAPI nuclear staining of dissected testes revealed that the blanks KG00804 homozygous males lack mature sperm in their seminal vesicle (Fig. 4B) , which provided inspiration for the name blanks. Importantly, precise excision of the P element restored Blanks protein levels as well as mature sperm in the seminal vesicle (Fig. S5J) . Additionally, flies expressing a dsRNA targeting both Blanks and CG12493 showed a reduction in seminal vesicle sperm levels ( Fig. S5 M and N) . Intriguingly, most stages in the male germ line lineage appear to be unaffected in blanks flies: Spermatocyte development occurs normally through all mitotic divisions and both rounds of meiosis, producing phenotypically wild-type cysts of 64 onion-stage round spermatids (Fig. S5H) . Nuclear elongation and axoneme development are also grossly normal. However, syncitial spermatid bundles fail to fully individualize, resulting in nonmotile, decomposing spermatid cysts (Fig. 4C) . Rhodamine-phalloidin staining revealed asynchronous migration of the actin-rich individualization complexes (ICs) during individualization ( Fig. 4D and Fig. S5I ), suggesting that blanks mutants are unable to coordinate IC movement along the axoneme. Precise excision of the P element restored the apparent synchrony of the actin-rich IC (Fig. S5 K and L) .
Colocalization of Blanks with the RNA Silencing Factor RM62 in the Male Germ Line. Our analyses from S2 cells suggested that Blanks is part of a complex that includes RM62, a silencing factor (32) that is part of chromatin insulators (31) . Notably, rm62 mutants have been reported to exhibit male fertility defects (35) . We observed a nearly perfect overlap in the localization of RM62 and Blanks in the spermatocyte nuclei (Fig. S5O) , consistent with the possibility that testis Blanks is a component of a complex similar to that observed in S2 cells.
Analysis of Gene Expression in blanks Mutant
Testes. The RNAi pathway phenotype of Blanks in S2 cells together with its observed expression pattern in adult flies suggested that it might participate in small RNA-mediated silencing of transposable elements in the male germ line. Unexpectedly, quantitative RT-PCR assays revealed no significant differences in the levels of several transposon-derived mRNAs between the blanks KG00804 homozygotes and heterozygotes (Fig. S6A) . Furthermore, stellate mRNA, which is derepressed in many RNA silencing mutants (9, 14, 21) , was unchanged in the mutant (Fig. S6A) . To probe more deeply into changes in mRNA expression that arise in the absence of Blanks, we performed an Affymetrix microarray gene expression analysis (from three biological replicates) on mRNA collected from the testes of blanks homozygous mutants and blanks/TM3 heterozygous fertile controls. Interestingly, genes up-regulated in the absence of Blanks were significantly enriched for GO terms associated with the innate immune response and related stress pathways (Table 1 ). Quantitative PCR results also supported this observation (Fig. S6B) .
Discussion
Here we report the characterization of Blanks, a nuclear, testesspecific siRNA-and dsRNA-binding protein that is critical for sperm maturation in Drosophila. Flies lacking Blanks are phenotypically wild type except for the inability of males to produce viable sperm. In S2 cells, blanks knockdown results in an RNAi loss-of-function phenotype and Blanks protein appears to be associated with a unique siRNA-and dsRNA-binding complex containing the silencing factor RM62, the 5′-3′ exonuclease Xrn2, and the putative nucleic acid methyltransferase CG6133. Spermatid bundles lacking Blanks fail to individualize and are not deposited in the seminal vesicle. Colocalization of Blanks and RM62 in the spermatid nucleus, together with their cofractionation in S2 cells, suggests that Blanks and RM62 are part of a unique nuclear complex that is necessary for sperm development.
Many retrotransposons are essentially endogenous retroviruses that can form virus-like particles (VLPs) in the germ line. We found no evidence for an up-regulation of transposon RNA levels in a blanks mutant. However, similar to C. elegans RNAidefective mutants (36) , blanks mutant testes exhibit an up-regulation of genes involved in innate immunity. Derepression of the retroelement lifecycle is often associated with sterility. Therefore, our results suggest that the Blanks complex may help to suppress the retroelement lifecycle in the male germ line during later stages of sperm development, though in a manner that is not associated with suppression of RNA levels. Furthermore, loss of Blanks may result in innate immunity activation by hyperactivity of selfish genetic elements. Consistent with our hypothesis, retrotransposon VLPs are observed in the cystic cytoplasm of partially individualized spermatids (37) .
What is the molecular function of the apparent Blanks/RM62/ Xrn2/CG6133 complex? In testes there exists a two-tiered transposon immune system composed of both siRNA components and piRNA factors (2) . The piRNAs and endo-siRNAs share overlapping transposon targets. However, the tissue expression pattern of the piRNA cofactors in the male germ line is restricted to the stem-cell niche and early mitotic stages, with little to no apparent expression in later stages of spermatogenesis (12) . The expression pattern of Blanks suggests that a dsRNA-based transposon defense system may help suppress selfish genetic elements during and after meiosis. Blanks participates in an siRNA/dsRNA-binding complex unlike those described previously, and our proteomic analyses provide no evidence for the presence of an Ago protein in this complex. These observations suggest that the Blanks complex is not a canonical form of RISC. However, loss of Blanks compromises RNAi in S2 cells, suggesting that the Blanks siRNP can directly or indirectly contribute to specific substrate targeting.
Blanks is highly expressed in testes and S2 cells but is greatly reduced or absent in other tissues. S2 cells do not resemble cells from testes, but exhibit an aneuploid male (2X;4A) genotype (38, 39) . Importantly, many Drosophila cell lines, including S2 cells, have a vastly expanded transposon population (40, 41) . As a result S2 cells may have come under selective pressure to suppress selfish elements through mechanisms that include the activation of normally germ line-restricted factors such as Blanks.
Our data suggest a critical role for siRNAs or dsRNAs in male fertility. Curiously, previous work has shown that Dicer2, which generates most if not all siRNAs from dsRNA precursors (17) , is dispensable for male fertility despite its role in the endo-siRNA pathway within the male germ line (15) . One possible explanation for these observations could be the redundant involvement of Dicer1, which has previously been implicated in both the miRNA and siRNA pathways (17) . Thus, the small RNAs that function with Blanks conceivably could be provided by either Dicer, or both.
It is presently unclear whether the Blanks siRNP is identical in both testes and S2 cells. Intriguingly, protein levels of the Blanks paralogue, CG12493, were dramatically reduced in blanks KG00804 mutant testes despite no significant change in mRNA expression. One possible explanation is that CG12493 and Blanks interact directly in testes, and this association is necessary for CG12493 protein stability. A reciprocal relationship is not apparent because Blanks protein levels are unaffected by the CG12493 disruption and essentially no CG12493 protein or mRNA is detectable in S2 cells. The CG12493 mutant male fertility phenotype is significantly milder than that of blanks, suggesting that it may carry out a supplementary role.
Components of the Blanks siRNP. Our biochemical purifications of the Blanks siRNP also yielded RM62, Nsun2, and Xrn2. RM62 has an established role in RNA silencing (32) . Nsun2 and Xrn2 have not been implicated in Drosophila siRNA silencing. However, in Saccharomyces cerevisiae, the predicted orthologue of Nsun2 (Ncl1p) is involved in the control of transposon proliferation (42) . Ncl1p methylates tRNAs in yeast (43) . It is currently unknown if Ncl1p can target additional substrates for methylation. Interestingly, Ncl1p and the Xrn2 orthologue Rat1p interact genetically (44) , suggesting that the Blanks complex may support an evolutionarily conserved mechanism. Our results also indicate that Blanks is capable of binding a variety of RNA duplex forms. It remains unclear whether bound RNA represents a target or a cofactor of the Blanks complex, and what relation this binding has (if any) to canonical RISC.
Blanks and Spermiogenesis. Numerous roles have been described for dsRNA-binding proteins in reproductive processes in organisms from fungi to humans, and most of these processes overlap mechanistically with small RNA silencing (45, 46) . Currently, the known small RNA-mediated silencing pathways in Drosophila that impinge upon gamete generation function at the earliest stages of germ line development. Genes encoding components of the miRNA machinery such as Loqs and Ago1 act at the level of germ line stem cell self-renewal in females (21, 47, 48) , and a Dicer1-dependent role for R2D2 has been suggested in somatic follicle cells (49) . A role for the miRNA pathway in sperm development has not yet been fully investigated, though loqs hypomorphic males are incompletely fertile and show a derepression of stellate (21) . The piRNA and repeat-associated siRNAmediated silencing pathway is essential for both germ line establishment in the embryo (50) and later for germ line stem cell (GSC) self-renewal, and mutants in this pathway are depleted of GSCs (8, 9) . In contrast the blanks male-sterile phenotype appears during spermiogenesis, which is the final stage of sperm development. Transposon and stellate silencing are grossly unaffected in blanks mutants, and the early germ line and somatic lineages appear phenotypically wild type. Furthermore, Blanks expression overlaps with that of piRNA cofactors Aub, Ago3, and Piwi only in the first few hours of the primary spermatocyte stage (12) , making it unlikely that Blanks is an obligate piRNA pathway component.
Spermatid individualization in Drosophila is a process that requires the concerted action of caspases (51, 52) , actomyosin systems (53-55), proteasomes (56) , and other machineries (57) . To our knowledge, Blanks is a unique RNA silencing-related protein shown to be important to this process. However, Pavelec et al. (58) have recently demonstrated a requirement for silencing factors during various stages of amoeboid sperm development in C. elegans. It seems unlikely that Blanks, a nuclear dsRNA-binding protein, would directly interact with the largely cytoplasmic (or extracellular) cadre of proteins implicated in individualization. It is also doubtful that Blanks acts during individualization per se, because the protein rapidly disappears after meiosis and during nuclear elongation. We suspect that Blanks sets the stage for this final phase of sperm development by helping to coordinate earlier gene expression and that it likely does so via a unique branch of the set of small RNA silencing pathways. Intriguingly, the mammalian spermatid perinuclear RNA-binding protein has a dsRBD with 50% amino acid similarity to a Blanks dsRBD and plays an important role in male fertility (59) . Our results suggest that Blanks takes part in a conserved dsRNA-based regulatory mechanism during spermiogenesis that is critical for male fertility. The Benjamani-Hochberg multiple hypothesis correction p value is displayed for each GO classification associated with the gene products.
Experimental Procedures S2 cell extracts were prepared, subjected to siRNA affinity chromatography, and analyzed as described (28) . RNAi assays in S2 cells were also as described (28) . Rabbit antisera were raised against full-length Blanks and residues 1-95 of CG12493 expressed in Escherichia coli. Native gel analyses were as reported previously (18, 30) . Microscopic examination of testes were as described (60) . Mutant Drosophila lines (blanks KG00804 and CG12493 G4506 ) were obtained from the Bloomington Drosophila Stock Center. For further details on materials and methods, see SI Materials and Methods.
